The location of crack closure with respect to crack wake and specimen thickness under different loading conditions was determined. The rate of increase of K_. in the crack wake was found to be significantly higher for plasticity induced closure 1n comparison to roughness induced closure.
In recent years much attention has been focused on fatigue crack closure as introduced by Elber [1] . He suggested that crack surfaces can close before the minimum load 1s reached due to the residual plasticity induced displacements 1n the crack wake. He further suggested that the fatigue crack propagation (FCP) rate 1s a function of the stress Intensity range when the crack tip 1s open. Thus, FCP 1s dependent on AK and not on AK . More recently, a number of researchers [2] [3] [4] have shown that in addition to plasticity, crack closure can also be caused by the mismatch of fracture surfaces (roughness) or by a build up of the oxide layers on the fracture surface.
The Importance of crack closure 1n present day research on FCP can be seen by the application of this concept to the research of such diverse topics as variable amplitude loading [5] , near-threshold behavior [6, 7] and the accelerated growth of short cracks [8, 9] . However, many questions regarding the actual mechanisms of crack closure still persist. For instance, the location and distribution of closure stresses in the crack wake is not well understood. It has been suggested that crack closure is a function of crack wake length [10] . Zaiken and Ritchie [11] as well as others [12, 13] have shown that in the near-threshold regime where roughness induced closure is important, removal of crack wake reduces closure. However, the influence of crack wake is unknown at higher stress intensities where plasticity induced closure is dominant. To further complicate the picture, surface effects due to localized plane stress conditions can also significantly contribute to crack closure.
Thus, in order to better understand the different closure mechanisms, there is a need to determine how and where closure occurs. It is also important to understand the mechanism under which predominantly roughness or oxide induced closure changes to plasticity induced closure.
Crack closure may also be important in understanding load sequence interaction effects which are not well understood. Review of the literature reveals some controversy regarding the FCP behavior immediately following a low-high loading sequence. VonEuw et al. [14] observed a transient region after the transition to a higher AK where initial FCP rates were higher than expected. However, others [15, 16] concluded that no load interactions take place when this type of loading is applied. A very interesting finding relative to a low-high loading sequence behavior was documented recently by Schulte et al. [17] . They also noted a region of higher than expected FCP rates after the transition to a higher AK when FCP rates were measured at the specimen surface. However, when the FCP rates of the same specimen were evaluated by using a striation counting technique in a region away from the surface, no initial acceleration of FCP rates was detected. The above observations suggest that plane stress and plane strain variations should be considered in the effort to explain loading sequence effects.
A test program was developed to consider the effects of crack wake and specimen thickness on crack closure, as well as the influence of the stress state on low-high load interactions.
EXPERIMENTAL PROCEDURE
For the FCP studies, compact tension (CT) v specimens oriented in a long transverse orientation were machined from a 3.2 mm thick sheet of 7075-T6 aluminum with tensile properties as detailed in Table 1 . The width of the CT specimens was 38.1 mm, the initial a/w ratio was 0.2, and the thickness was that of the as received sheet unless otherwise Indicated. All tests were performed using a closed loop servohydraullc fatigue machine. All testing was done at an R ratio of 0.1 and frequency of 20 Hz in an ambient air environment. Testing was computer controlled using a compliance technique to maintain either a constant stress Intensity range or load range and to determine crack length. Occasional optical readings were made to confirm the compliance readings of the crack length.
Constant load amplitude tests were performed on the 3.2 mm thick specimens to obtain baseline data. Two types of tests were conducted, wake removal and surface removal, to determine the effect of crack wake length and thickness on crack closure. Initial preparation of specimens for both test types was precracking under constant stress intensity ranges of 2. Table 2 .
To determine the FCP rates as a function of crack length from the transition to a higher AK, fractographic analysis of the striation spacings was performed using a scanning electron microscope. All fractographs were taken using a 0° tilt to limit possible distortions of strlation spacings used to calculate FCP rates.
RESULTS AND DISCUSSION

Baseline FCP Data
The baseline fatigue crack propagation curve obtained for the 7075-T6 alloy is shown in Fig. 1 (1) where da/dN is the crack growth expressed in m/cycle and AK is in MPa/m.
Removal of Crack Wake
The all conditions K 0 was found to be approximately equal to thus AK e ff = K max -K CL .
In the wear experiments, which were conducted to examine the effects of magnetic-head wear on magnetic signals, a newly recorded tape (11 m long) was first run and the standard signal G, was read back. An unrecorded tape (230 m long) was repeatedly run over a desired head sliding distance. During the sliding process the 11-m-long recorded tape, which was used to read back signals G at various stages of the experiment, was replaced several times.
Electron Diffraction and Depth Profiling
The sliding surfaces of the magnetic heads were depth profiled to examine the crystalline states as a function of depth. The etching was done with hydrochloric add at 50±1 °C for a predetermined etching time. The surfaces were examined by reflection electron diffraction in a transmission electron microscope. The acceleration voltage was 75 or 100 kV. The depth in terms of the etching time was obtained by using an optical interference microscope.
RESULTS AND DISCUSSION
Crystalline State of Lapped Surface Sliding a lapping tape on a Mn-Zn ferrlte magnetic head generated abrasion and developed a deformed layer on the ferrlte surface. The surface etched to a depth of 0.6 ym shows Klkuchi lines (pairs of black and white parallel lines), which are an Indication of the bulk single-crystal structure of a ferrlte head containing no extrinsic mechanical stress [F1g. 3(c) ]. Thus the total thickness of the deformed layers on the Mn-Zn ferrite head presented in Fig. 3 was less than 0.6 ym.
When lapping tape was again slid against the etched surface typified by F1g. 3(c), the polishing process reintroduced local surface stresses and redeveloped a deformed layer on the ferrlte similar to that on the surface presented in Fig. 3(a) .
Effect of Crystal Structure on Magnetic Signals
To determine how wear of the lapped magnetic head affects its crystalline state and magnetic signals, we ran the head against magnetic tapes (recorded Typical electron diffraction patterns taken from the lapped surfaces of the magnetic head before the sliding experiment and from the wear surfaces after 40 km of sliding are presented 1n F1g. 4(b) and (c). These diffraction patterns show that sliding action changed the highly textured, polycrystalUne structure of the lapped head to a nearly amorphous structure. When a lapping tape was then slid against the wear surface of the lapped magnetic head, the nearly amorphous structure was removed and a highly textured, polycrystalUne structure was reformed 1n the magnetic-head surfidal layer. The lapping also restored the readback signal amplitude to the initial standard level G .
In other words, lapping the wear surface of the magnetic head restored extrinsic magnetic properties.
with the trends observed in the crack wake removal tests which also indicated the rapid growth of closure for a plasticity dominant closure mechanism.
Transition From Roughness to Plasticity Induced Closure
The experimental results obtained in this study shed some light on the conditions under which the transition from roughness to plasticity dominated closure mechanism occurs. It was shown that even under a predominant plane strain condition encountered in the specimens tested at AK of 8. 
Low-High Loading
While some researchers [15, 16] have not found any load interaction effects when a low-high loading sequence is applied, others [14] found initially higher than expected FCP rates after transition to a higher AK. Hertzberg [20] proposed that these initially higher than expected FCP rates can be explained However, for the thin specimens (Fig. 8) immediately following the transition, the FCP rates were initially high and progressively decreased till a plateau was reached. For these specimens, the FCP rates immediately after the transition were approximately twice as high as the rates in the plateau region.
The above results were obtained by measuring striation spacings. Typical fractographs used for this purpose are shown in Figs. 9 and 10.
The validity of using the striation counting technique to determine FCP rates was evaluated by comparing the growth rates obtained by this method to rates measured by the compliance technique. Striation measurements consistently showed slightly lower growth rates (up to 25 percent) possibly due to a small tilt of the fracture features with the respect to the screen projection. Some scatter within the striation measurements was also present.
The scatter band was approximately ±10 percent of the mean value. This degree of scatter is reasonable when it is considered that a striation counting technique measures localized growth rates. These rates can be influenced by such factors as grain orientation and the presence of inhomogeneities such as inclusions.
The question arises why there is a difference in behavior between the thick and thin specimens? The difference in observed behavior may be explained by evaluating the state of stress of each specimen and its effect on K . The applied stress intensities and specimen thicknesses were chosen U L.
to evaluate both plane strain and plane stress effects. The 3.2 mm thick specimen still met the ASTM E399 thickness criteria for a predominant plane strain condition even after the transition to a higher AK. However the 1.1 mm thick specimen was in a substantially plane stress state after transition.
These differences in the state of stress had a considerable effect on K L* L as is described below.
Equilibrium K values for all applied stress intensities used in this L» L part of the program are shown in Table 4 . For the 1.1 mm thick specimens, the K-. was measured to be 2. Hertzberg's transition hypothesis 1s correct (Fig. 5) , then the accelerated FCP rates immediately after transition to a higher AK can be predicted by the use of the da/dn-AK f relationship (Eq. (3) The predicted FCP rate at equilibrium using Eq. (3) is 4.8x10" m/cycle.
The actual FCP rate as measured from strlation spadngs is 5x10" m/cycle.
Thus the crack closure hypothesis predicts the observed behavior very well in the case of the thin specimens.
The acceleration of the FCP rates for the thin specimen, after the transition to a higher AK lasted for 0.2 mm of crack growth. It is
Interesting to note that the calculated plane stress plastic zone radius at the higher AK is 0.18 mm and 1s thus very close in size to the fatigue crack wake length over which accelerated FCP behavior was observed.
Assuming that the initial acceleration of FCP rates after the transition to a higher AK was caused by the transient crack closure behavior shown schematically 1n F1g. 5, it was possible to calculate the crack closure stress intensity as a function of fatigue crack wake after the transition. The calculations were performed by first solving Eq. (3) for the AK f values required to obtain the measured FCP rates after the transition to a higher AK (Fig. 8) . The obtained AK ff values were subtracted from K to 6T T ffldX obtain the Kp. values. The results of the calculation are shown in Fig. 11 and show equilibrium K~. is reached after 0.2 mm of crack growth. These results agree fairly well with the previously described surface removal test results which showed that K can be fully reestablished after 0.125 mm of L L crack growth in case of plasticity induced closure (Fig. 4) .
The difference in the measured K values of the 3.2 mm the thick
specimen between the lower and higher applied stress intensities is approximately 1 MPa/m as shown in Table 4 . This difference in K values is U L considerably smaller in comparison to the thin specimens. This result is not very surprising considering that for the thick specimens both the lower and higher applied AK's resulted in a predominant plane strain state of stress.
The predicted FCP rates immediately after the transition from a low to higher AK as well as the predicted FCP rates after a plateau has been reached were For the thick specimens, in a predominant plane strain state, the difference in K was small creating negligible variation in AK after transition U L c T r to a higher AK. The location of crack closure with respect to crack wake and specimen thickness under different loading conditions was determined. The rate of Increase of KCL 1n the crack wake was found to be significantly higher for plasticity Induced closure 1n comparison to roughness Induced closure. Roughness Induced closure was uniform throughout the thickness of the specimen while plasticity Induced closure levels were 50 percent higher 1n the near surface region than 1n the mid-thickness. The Influence of state of stress on low-high load Interaction effects was also examined. Load Interaction effects differed depending upon the state of stress and were explained 1n terms of 
